ABSTRACT
INTRODUCTION

From a kinetics point of view, it is very difficult to
analyze the transformations that appear during tempering between 400 -600°C, in the case of lowalloy steels, fn particular, analysis of the coalescence phenomenon pf the "ε-enriched carbon" phases and the coherence loss from the global ferritic matrix is complicated. The paper analyses the two phenomena in separate modes for two kinds of hardening: a "complete hardening", which occurs at temperatures exceeding AT and an "incomplete hardening" which occurs at temperatures between A, and A 3 The incomplete hardening has been proven to be very effective avoiding the tempering fragility phenomenon of the low-alloy steels.
The carbide coalescence phenomenon during
tempering, which appears after the ferritic recrystallization and coherence loss, consists of a gradual disappearance of small particles and growth of the large particles. The transformation force is represented by a change in the free energy of the system (ferrite + carbides) at a constant temperature. This process is realised by a decrease of the total area of the interface between ferrite and carbides.
The tempering coalescence is a consequence of carbon dissolution, carbon diffusion and carbon precipitation phenomena. It is supposed that the carbides tend to be gradually dissolved in ferrite; thus, the carbon concentration in the ferrite becomes high.
When the system contains carbides of different sizes, there appears between the nearest zones of the big carbides a carbon concentration gradient of ferrite. The concentration gradient can induce the carbon diffusion towards the large carbides, and finally they grow.
At a constant temperature, the free energy variation corresponding to the carbon transfer is equal to a change in interfacial energy.
THEORETICAL ASPECTS ON THE PROCESSES KINETICS
The kinetics of some complex processes such us dissolution, diffusion, precipitation which depends on the temperature, the chemical composition and the dislocation density of the ferritic matrix, is very hard to describe by an analytical equation. Thus, in some cases, when the transformation takes place at a constant temperature, kinetics parameters are estimated in an experimental way. The transformation rate could be expressed by the following equation: Since a direct proportional relation exists between the variation of some physico-mechanical properties and the proceeding transformation process, we chose the hardness l\l. The "P" parameter characterizes the carbides coalescence.
As Equation (1) is integrated under boundary conditions (the parameter Ρ representing the hardness value, changes from the initial value P 0 to the final value C), P( t ) is given by:
In other words, w=l-y and thus, the <y> expression becomes /3,4/:
In order to estimate the kinetics parameters, k and n, Equation (3) is expressed in a logarithmic form, as follows:
log(-logW0 = η-log/ + «-log/: + log(loge)
where: <log t> and <log(-log w)> are the straight-line coordinates and <w> is obtained by means of the hardness measurements. 
H n -H / Following calculation of the <n> parameter, the "transformation-rate constant <k>" for the coalescence process can be obtained:
Equation ( obtain the frequency factor A.
EXPERIMENTAL RESULTS
The coalescence kinetics parameters have been Following complete hardening, the hardness value was 57±1 HRC and the microstructure was a total martensitic structure, without residual austenite. After the incomplete hardening, the hardness value was 45±1
HRC for the ferritic microstructure which did not turn into austenite on heating and then into martensite on quenching.
The critical heating temperature, at which the carbide coalescence loss from the ferritic matrix appeared, was established graphically by measuring the dilatability of hardened samples. Thus, for the incompletely hardened sample, the temperature was 445°C, and 475°C for the completely hardened sample, as shown in Fig. 1 . These temperatures are noted on the dilatability curve by the change in slope. were manufactured. They were oil-quenched from 860°C and 790°C.
Then, the samples were tempered in a salt bath at 445°C and 475°C for 75 minutes. The hardening temperatures were suited to the carbides coherence loss.
The maintaining times were obtained from the dilatability curves (Fig. 1) by planimetry considering the heating rate of the Chevenard dilatability device. In order to estimate the period which produces a dilatability under more rapid heating conditions (in a salt-bath, S 220 type) than the heating conditions of dilatability device, the following relation was used:
1 '' hca,, ng = -\Kt)dt (11) Δ/ / ο where:
Alf is the dilatability value for coherence loss; 11 -the time at which the coherence loss appears for a constant heating rate (3°C/min.-heating in the dilatability device).
Observation of the tempered samples by scanning Tables 1 and 2 Further, the kinetics parameters were calculated using the method described above; the hardness value H f from Equation (3) "t~»f
In fact, the <n> coefficient value calculated for T=500°C is different from those for the temperatures T=550°C and T=600°C (see Tables 1 and 2 ). This means that the coalescence mechanism depends on the tempering temperature. The aspect is also observed in the value of the reaction rate coefficient <k>. 
where: R=l,98 cal./mol Κ (the gas constant) and Τ is the isothermal annealing temperature [K] 111.
CONCLUSIONS
The microstructure of incomplete hardening, which consists of martensite and a ferrite mixture, shows a special global kinetics during tempering, which is different from the case of the total martensitic structure.
Loss of carbide coherence distinguished by a change in the slope of the dilatability curve takes place at 445°C, which is lower than the complete hardening case, 475°C. Thus, in the case of incomplete hardening, the presence of ferrite and martensite in unstable equilibrium conditions, in which martensite contains a relatively higher carbon concentration, leads to carbon separation for lower temperatures.
When the coherence has been lost, the kinetics of coalescence processes of complete hardening shows a transformation rate higher than that of incomplete hardening. This conclusion can be proven by a relatively lower value of the <n> coefficient (see Table   2 ) and a higher value of coalescence activation energy, for the incomplete hardening.
The above aspects can be explained by the average free energy variation of the thermodynamic system configuration (see Fig. 4 ) during tempering, for the two hardening conditions.
The martensitic structure, which is obtained after complete hardening, shows a free energy value higher than that of martensitic-ferrite structure obtained after the incomplete hardening.
Both microstructures reveal free energy values higher than the energy equilibrium value of the final state (the equilibrium final state is characterized by a ferritic global structure and small carbides). The outrunning of the transient state (therefore, the activation of iron and carbon atoms) may be described by an energy consumption Q A with the transformation force AF (see Fig.4 ).
For complete hardening, the calculated value of Table 3 Estimation of the frequency factor and the activation average energy for complete hardening 
